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Making Sense of the Diverse Ligand Recognition by NKG2B

Sergei Radaev,* Michael Kattah,* Zhongcheng Zou,* Marco Colonna’, and Peter D. Surf*

NKG2D recognizes multiple diverse ligands. Despite recent efforts in determining the crystal structures of NKG2D-ligand com-
plexes, the principle governing this receptor-ligand recognition and hence the criteria for identifying unknown ligands of NKG2D
remain central issues to be resolved. Here we compared the molecular recognition between NKG2D and three of the known
ligands, UL16 binding protein (ULBP), MHC class I-like molecule, and retinoic acid early inducible gene as observed in the
ligand-complexed crystal structures. The comparison shows that while the receptor uses a common interface region to bind the
three diverse ligands, each ligand forms a distinct, but overlapping, set of hydrogen bonds, hydrophobic interactions, and salt
bridges, illustrating the underlying principle of NKG2D-ligand recognition being the conservation in overall shape complemen-
tarity and binding energy while permitting variation in ligand sequence through induced fit recognition. To further test this
hypothesis and to distinguish between diverse recognition and promiscuous ligand binding, four ULBP3 interface mutations,
H21A, E76A, R82M, and D169A, were generated to each disrupt a single hydrogen bond or salt bridge. All mutant ULBP3
displayed reduced receptor binding, suggesting a specific, rather than promiscuous, receptor-ligand recognition. Mutants with
severe loss of binding affect the receptor interactions that are mostly buried. Finally, a receptor-ligand recognition algorithm was
developed to assist the identification of diverse NKG2D ligands based on evaluating the potential hydrogen bonds, hydrophobic
interactions, and salt bridges at the receptor-ligand interface. The Journal of Immunology, 2002, 169: 6279—-6285.
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Table |. Oligonucleotide primers used for generating ULBP3 mutants

Primers Sequences

Common primers

5' primer TAGTAGCATATGGACT GGT CCGBGACGEEECEEE
3’ primer TAGTAGCTCGAGT TTGGGT TGAGCTAAGCCTGGGG
Mutant-specific
primers
H21A
R® CCCATGT CTGGGCAAAGCAATGATGGTGAAGT T
PP AACTTCACCATCATTGCTTTGCCCAGACATGGG
E76A
R GAGCCTCTGCCCCACCGCTCTCAGCATTTCCAG
F CTGGAAATGCTGAGAGCGGT GGGGCAGAGECTC
R82M
R GTCAGCCAGT TCCAGCATGAGCCTCTGCCCCAC
F GTGGGECAGAGGCTCATGCTGGAACTGGCTGAC
D169A
R AAGCCAGCTCTTGCAGGCTCTCATTGAGACCAT
F ATGGTCTCAATGAGAGCCTGCAAGAGCTGGCTT

2R, Reverse primer for 5" fragment.
b F, Forward primer for 3’ fragment.

Through structural comparison between the receptor-ligand
complexes and through mutational studies that affect NKG2D/
ULBP3 binding, we attempted to address factors important for this
receptor-ligand recognition. In doing so, we hoped not only to
understand the underlying principle of NKG2D-ligand recognition,
but more importantly to predict unknown ligands of the receptor.

Materials and Methods
Protein Data Bank (PDB) coordinates and structural analysis

The PDB accession codes for the structures of murine NKG2D, MICA,
Raelp, and NKG2D/MICA, NKG2D/ULBP3, NKG2D/Rael complexes are
1HQ8, 1B3J, 1JFM, 1HYR, 1KCG, and 1JSK, respectively. The PDB acces
sion codes for the structures of KIR2DL2/HLA-Cw3, neonatal FcR, hereditary
hemochromatosis protein are 1IFEX, 1EXU, and 1DE4, respectively. All struc-
tural superposition analyses were performed using the progran LSQMAN
(29), and domain orientations were calculated with program HINGE (20)

Recombinant constructs for ULBP3 mutants

The cDNA encoding the extracellular region of ULBP3 was cloned into
pET22b (Novagen, San Diego, CA) as previously described (18). For each
mutant, the 5" and 3’ overlapping fragments of ULBP3 were amplified
from ULBP3-pET22b in separate PCRs. The forward primer for the 5'
fragments and the reverse primer for the 3’ fragments were identical for all
mutants and contained an Ndel and an Xhol restriction site, respectively
(Tablel). Thereverse primer for the 5" fragment and the forward primer for
the 3’ fragment were complementary and included the nucleotide substi-
tution generating the amino acid variation (Table I). Amplified 5" and 3'
fragment pairs of each mutant were purified by agarose gel electrophoresis,
mixed, and reamplified using the common forward and reverse primers.
Amplified fragments were purified by agarose gel electrophoresis, digested
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with Ndel and Xhol, and cloned into the corresponding sites of pET22b.
Incorporation of the appropriate nucleotide substitution in each ULBP3
mutant was confirmed by DNA sequencing.

Protein expression and purification

The mutants of ULBP3 (residues 1-200) were expressed as Escherichia
coli inclusion bodies and then reconstituted in vitro. In brief, cells con-
taining ULBP3-expressing plasmid were grown in a 10 L Bioflo 3000
bioreactor vessel (New Brunswick Scientific, Edison, NJ) and induced with
0.5 mM isopropyl-B-b-thiogalactopyranoside at an approximate ODggg Of
1.7 for 4 h. The inclusion bodies were isolated by washing repeatedly with
a2 M urea solution and then were dissolved in 6 N guanidine hydrochlo-
ride before refolding. The refolding buffer consisted of 0.5 M L-arginine,
2.5mM cystamine (or oxidized glutathione), 5 mM cysteamine (or reduced
glutathione), 10 pwg/ml AEBSF, and 100 mM Tris (pH 8.0). The renatured
ULBP3 was concentrated on a nickel affinity column (Qiagen, Chatsworth,
CA) and was further purified on a Superdex 200 size exclusion column
(Amersham Pharmacia Biotech, Piscataway, NJ). All mutations were con-
firmed by electrospray ionization mass spectrometry.

Surface plasmon resonance measurements

Surface plasmon resonance measurements were performed using BlAcore
3000 instrument (BlAcore, Piscataway, NJ). The receptor, NKG2D, was im-
mobilized at a concentration of 1 wM in 10 mM sodium acetate, pH 5.2, on a
CM5 sensor chip using N-hydrosuccinimide/1-ethyl-3(-3-dimethylaminopro-
pyl)-carbodiimide hydrochloride at a flow rate of 20 wl/min. Flow cell 1 was
mocked with N-hydrosuccinimide/1-ethyl-3(-3-dimethylaminopropyl)-carbo-
diimide hydrochloride. The binding buffer consisted of 20 mM NaCl, 3 mM
EDTA, 0.005% surfactant P20, and 10 mM HEPES, pH 7.4, mixed with var-
ious concentrations of analyte. Binding of the wild-type and mutant ULBP3
proteins to immobilized NKG2D was measured using serid dilutions of the
analyte from 30 to 0.059 uM at aflow rate of 20 wl/min. All K, were obtained
either from a linear regression of steady state 1/response vs 1/C plots using
ORIGIN 3.0 (OriginLab, Northampton, MA) or from kinetic rate constants
fitted with the BIAevaluation software package (BIAcore).

Results and Discussion
NKG2D is more conserved than its ligands

NKG2D displays significant conservation at both the amino acid
sequence and the three-dimensional structural level. The overall
sequence identity of the receptor is ~60% between human and
mouse. At the structural level, the superposition between the hu-
man and murine NKG2D results in a root-mean-square (r.m.s.)
deviation of 0.95 A among 233 Ca atoms. In contrast, the amino
acid sequences of NKG2D ligands share <40% identity between
the human ULBP and mouse Rael genes (Table Il). The diver-
gence in amino acid sequenceis also reflected at the level of three-
dimensional structures (Table I1). The superposition of the «1 and
a2 domains between the human and mouse ligands resulted in an
r.m.s. deviation of 2.3 A, consi derably worse than the structural
agreement between the human and mouse NKG2D.

Table Il. Structure and sequence diversity between NKG2D and its ligands
r.m.s. Structural Differences®

hNKG2D mNKG2D ULBP3 RaelB MICA HLA-Cw3 HFE FcRn
hNKG2D 0 0.95 ULBP3 0 2.3 24 2.7 1.8 2.7
mMNKG2D 60 0 Raelp 24 0 39 3.4 3.2 3.4
MICA 28 20 0 2.7 2.6 3.3
HLA-Cw3 23 20 32 0 1.7 2.8
HFE 25 20 31 38 0 1.9

FcRn 25 23 27 32 30 0

2The r.m.s. structural difference is calculated between the positional coordinates (x, y, ) for corresponding Ca atoms of two superimposed structures. The numbers above
the diagonal of the matrix are the r.m.s. deviations between the crystal structures in angstroms, and the numbers below the diagonal of the matrix are the percent amino acid
sequence identities. Approximately the same numbers of Ca atoms (~144 pairs) that correspond to their respective regions of structure are used in the structural superposition

between the NKG2D ligands.
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FIGURE 1. Structural overlay of NKG2D/
ULBP3 (red), NKG2D/MICA (beige), and
NKG2D/Raelp (green) complexes

NKG2D/ULBP3
NKG2ZD/RAE

NKG2D-ligand docking mode is dictated by overall shape
complementarity

Interface complementarity between two interacting protein sur-
faces is often measured by a shape complementarity index, Sc,
which calculates the surface topology of two interacting proteins
and measures the degree of complementarity in their interacting
surfaces by a curvature analysis. Sc values range from 0—1, with 0
being noncomplementary and 1 being a complete surface match
(21). The Sc values for highly complementary interfaces, such as
those between proteases and protease inhibitors and between Abs
and Ags, are in the range of 0.65-0.75 (21). The less complemen-
tary interfaces, such as those between TCRs and their class| MHC
ligands, have Sc values between 0.45 and 0.6 (22). The calculated
Sc values for the three NKG2D complexed structures are 0.72,
0.65, and 0.63, for the MICA, ULBP3 and RaelB complexes re-
spectively (16—18). These values are also greater than those be-
tween KIR and HLA (Sc = 0.58) (6) and between CD2 and CD58
(Sc = 0.58) (23), indicating a good shape complementarity in
NKG2D-ligand recognition. Despite the diverse ligand sequences,
all three NKG2D-ligand complex structures display similar overall
receptor-ligand binding (Fig. 1). In particular, the receptor in al
three complexes uses a common set of residues to interface with
the ligand residues in common structural regions. This conserva-
tion in receptor binding mode among the diverse ligands suggests
the importance of shape complementarity in NKG2D-ligand
recognition.

NKG2D ligands match the receptor interface hydrogen bonds
and hydrophobic requirement with their distinct residues

The question of what mechanism NKG2D receptor employs to
recognize very diverse ligands can be addressed by a detailed
structural comparison of binding modes in three different NKG2D
receptor-ligand complexes known to date. First, there are no large
conformational changes in either the receptor or the ligands upon

NKG2D/AULBP3
NKGZDVRAE- ‘r

FIGURE 2. Structura comparison of NKG2D secondary structure ele-
ments involved in the ligand binding. Loops L1 and L2 and the 6 strand
are shown as a thick colored lines. Secondary structure elements of
NKG2D from its complex with ULBP3 are colored red, those from MICA
complex are beige, and those from Rael3 complex are green, respectively.
The overall trace of NKG2D is given as a thin gray line for reference.
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NKG2ZDVRAE

NKG2D/ULBP3

complex formation. Thisis evident from an r.m.s. deviation of 0.48
A (among 246 Ca atoms) between the structure of a murine li-
gand-free and that of the RaelB-bound NKG2D, and the r.m.s.
differences of 0.92 A (for 147 Ca pairs) and 0.57 A (for 147 Ca
pairs) between the structures of receptor-free and receptor-bound
ligands for MICA and Raelp, respectively. Second, variations in
docking orientation are observed in each structure to compensate

Table I1l. List of NKG2D-ligand interface interactions

NKG2D ULBP3 MICA Raelp
Hydrogen bonds®
K150 A A150 E148
T180 A K69
1181 A Q166
M184 A K171
Q185 A H158
S195 A E72 R64
Y199 A D169 D163 E159
1200 A R168
N207 A T155 K151
S151 B Q79
Y152 B R82 R74 R73
E183 B H21 K81
Q185 B V18
M184 B H21
K186 B D15, S17 P16
K197 B N78
Y199 B H79 N74
T205 B S20
N207 B R38
Total no. 19 9 13 7
Salt bridges
E183 A K171
K197 A D169 D65 E159
K150 B E76
E201 B R74
K197 B D149
Total no. 5 3 3 1
Hydrophobic contacts
Cluster A
Y152 A M164 A159 F155
1182 A R168 A162, Q166
M184 A R168 H158, A162 H158
L191 T155
Y199 A M164, R168 A159 F155
Cluster B
Y152 B Q79, L83 M75 w21
1182 A86, D87 H79
M184 H21, R82, A86 V18, R74, A78 P14
Q185 P23
A193 L83
Y199 L83 M75 R73

2 Hydrogen bonds and salt bridges that are conserved among the three ligands are
underlined.



6282

FIGURE 3. Conformational plasticity in
NKG2D/ligand interactions. A and B, and C
and D show a zoomed-in interface area be-
tween subunit A of NKG2D and aligand and
subunit B of NKG2D and a ligand, respec-
tively. Only interactions made by con-
served ligand residues are presented. An
image of the NKG2D/ULBP3 complex in
the center is given for the orientation. Side
chains from NKG2D/ULBP3, NKG2D/
MICA, and NKG2D/RaelB complexes are
shown in red, beige, and green, respec-
tively. Hydrogen bonds and salt bridges
are presented as dotted lines, colored ac-

cording to the respective complex .

K197

B
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for individual ligand surfaces. When the three complex structures
are superimposed using only their NKG2D subunits, the three li-
gand orientations vary dlightly from each other by ~6° (rotation
required to superimpose the ligands) between ULBP3 and MICA,
10° between ULBP3 and RaelB, and 10° between MICA and
RaelB. Thus, it appears that NKG2D accommodates diverse li-
gand surfaces through adjustments in their docking orientations.
Third, variations in loop and side chain conformations are ob-
served in both the receptor and the ligands to reflect their diverse
interfaces. On the receptor side, the conformation of the L2 loop,
residues 181-185 on both subunits of the receptor dimer, varies
~4-5 A in position among the three complexes (Fig. 2). There are
~23 NKG2D residues, half from each subunit, at the ligand in-
terface area. Most of them are identical between human and
mouse. They form atotal of 19 hydrogen bonds, five salt bridges,
and two hydrophobic clusters (Table I11). Among them, only two
hydrogen bonds (1) from aspartate or glutamate of a ligand to
Tyr*® of the receptor and 2) from arginine of aligand to Tyr*>? of

the receptor) and one salt bridge between aspartic or glutamic acid
of aligand and Lys'®” of the receptor are conserved in al three
structures. While different ligands form different hydrogen bonds
with NKG2D, about half of the hydrogen bonds are common be-
tween any two of the ligands. For example, four hydrogen bonding
NKG2D residues Ser*®®, Tyr'®°, Tyr'*?, and GIu*®® are common
between the ULBP3 and MICA complexes. Similarly, a subset of

-

»

D169 D
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Y152

Y168

E201

K19

distinct, but overlapping, NKG2D residues participates in hydro-
phobic interactions with each of the ligands.

On the ligand side, aternative side chain pairing and conforma-
tions are also observed for the interface residues (18). MICA,
ULBP3, and RaelB each contribute 25, 19, and 17 residues, re-
spectively, to the receptor interface. Among them, eight residues
share common sequence positions, and only two residues, Arg®?
and Asp'®® (ULBP3 numbering), are conserved. However, con-
formational and sequence variations are also observed even for
these relatively conserved residues. For example, Asp*®®, con-
served between MICA and ULBP3, but replaced by Glu in Raelp,
forms a hydrogen bond with Tyr*®® of NKG2D in all three struc-
tures (Fig. 3, A and B). It also forms a salt bridge with Lys®” of
NKG2D in ULBP3 and Raelp complexes, but in the MICA com-
plex, Lys'” forms a salt bridge with a different aspartate residue,
Asp®. The other conserved residue, Arg®? of ULBP3, forms a
hydrogen bond with Tyr'>? of NKG2D. This Arg-Tyr pair has a
similar side conformation in both the ULBP3 and MICA com-
plexes, except the arginine of MICA makes an additional salt
bridge with Glu*®* of the receptor (Fig. 3D). The same Arg-Tyr
pair, however, interacts differently in the RaelB complex, in which
Tyr'®? adopts an alternative side chain conformation and the ar-
ginine is located ~5 A away from Arg®? of ULBP3 (Fig. 3C).
Aside from the conserved residues, each ligand appears to form a
set of distinct, but overlapping, hydrogen bonds with NKG2D (Fig.

FIGURE 4. Surface representation of NKG2D
ligands. Hydrophobic residues involved in interac-
tions with the receptor are shown in yellow; posi-
tive and negative charges are painted blue and red,
respectively. In this view of ligands, the groove
between the a1 and a2 helixes is oriented horizon-
tally across the page.
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4 and Table I11). The numbers of hydrogen bonds formed between
the receptor and MICA, ULBP3, and Raelp are 13, nine, and
seven, respectively. Similarly, all three ligands appear to form hy-
drophobic interactions with both clusters A and B of NKG2D,
although the shape of each hydrophobic patch varies among the
ligands (Fig. 4 and Table I11).

Thus, despite the lack of sequence conservation, the ligands of
NKG2D appear to have satisfied the receptor interface energetic re-
quirement by forming hydrogen bonds, sdlt bridges, and hydrophobic
interactions using different interface residues. In generd, sequence
conservation in ligands ensures the preservation of both the free en-
ergy of binding at a receptor-ligand interface and the exact locdl in-
terface residue pairing and hence their conformations between the
receptor and its ligand. However, when ligand sequences are not con-
served, the preservation of precise loca interface receptor-ligand res-
idue pairing becomes difficult. Nevertheless, diverse ligands can il
preserve the free energy of binding by making sufficient receptor in-
terface interactions with aternative ligand residues. The receptor in
this case is likely to adopt ligand-induced loca conformation to best
fit the surface of individual ligands.

Effect of the ULBP mutations on NKG2D recognition

Four ULBP3 mutations, H21A, E76A, R82M, and D169A, were
created in the receptor interface region (Table 111), verified both by
DNA sequencing of the constructs and by mass spectrometry of
the purified inclusion bodies. The refolded mutant proteins display
similar m.w. as the wild-type by SDS-PAGE, suggesting that no
proteolytic degradation occurred in refolding of the mutants. All

I
|
A
/.' |"'] \ E76A
i
A
s j‘ﬂhk H21A
E /Jr' R82M
H
j|||l'||:k D169A
} I"Ik Wild Type

;_ T T T
1.0 75 15 25 30

Elution volume (ml)

14

FIGURE 5. Gdl filtration elution profile and SDS-PAGE of ULBP3 mu-
tants. The gel filtration experiments were conducted on an Amersham Bio-
science HR10/30 Superdex 200 column. All samples ran at an apparent M,
of 26 kDa. The sample lanes marked 1-5 are refolded proteins of E76A,
H21A, R82M, D169A, and the wild-type ULBP3, respectively. Lane 6,
Molecular mass standard (labeled in kilodaltons).
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four mutants migrate as monomers similar to the wild-type protein
by size exclusion chromatography, indicating no folding defects as
the result of mutations (Fig. 5). The binding of the wild-type
ULBP3 to NKG2D has a K, of 4 uM, as measured by BlAcore.
The K4 valuesfor ULBP3 mutants are 30, 105, 233, and 77 uM for
H21A, E76A, R82M, and D169A, respectively. All mutations re-
sulted in reduced receptor binding affinities compared with the
wild type. His?t, which forms a hydrogen bond with the carbony!
oxygen of Glu'®3 of NKG2D, and Glu”®, which forms a salt bridge
with Lys™® of NKG2D, are not well conserved among the
NKG2D ligand sequences. The ~8- and 20-fold reductions in
the receptor binding of H21A and E76A mutants indicates that the
nonconserved interface hydrogen bond and salt bridge contribute
energetically to the receptor recognition. Thisis consistent with the
ideathat the ligands of NKG2D need not be conserved in sequence
providing they satisfy the receptor interface binding energy re-
quirement. In fact, the mutational lossin binding at Glu”® isno less
than that at Asp®®, which is quite conserved among the NKG2D
ligand sequences. Unexpectedly, R82M is the most destabilizing
interface mutation among the four mutations, with ~50-fold re-
duction in NKG2D bhinding affinity. This reduction in binding can
be attributed largely to the loss of a hydrogen bond between Arg®?
of ULBP3 and Tyr*>? of NKG2D, and the loss of favorable elec-
trostatic interaction between the Arg and Glu®®* of NKG2D, since
the Met replacement presumably preserves the hydrophobic inter-
face of the wild-type Arg®2. It is worth emphasizing that Arg®? is
the most conserved residue among the ligands. It is aso nearly
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FIGURE 6. Plots of the solvent accessible surface area buried upon
binding of NKG2D to ULBP3. Solvent accessible surface area values were
calculated using the SURFACE program from the CCP4 suite. For each
residue, the accessible surface area in the bound state (SA o) Was cal-
culated from the complex crystal structure PDB coordinates (1K CG.pdb).
To calculate the accessible surface area for the receptor in the free state
(SAfree), the PDB coordinates for the ligand were del eted from the complex
structure PDB file, and vice versa. The surface area buried was then defined
8S (SAfree — SApouna)- Important interface residues are labeled. Two «
helixes of ULBP3 are illustrated as cylinders and are a1 (65-87) and a3
(156-183).
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buried at the receptor interface (Fig. 6B). Furthermore, the
NKG2D residue that pairs with Arg®?, namely, Tyr*®2, is among
the most buried receptor residues at the interface (Fig. 6A). The
drastic reduction in the binding of R82M underscores the impor-
tance of the conservation of this residue.

Comparison in ligand recognition between NKG2D and
inhibitory receptors

To date, the functions of several known inhibitory receptors have been
characterized. They include members of KIR family that recognize
human classica class | MHC molecules (14, 24, 25), members of the
Ly49 family receptors that recognize murine class | MHC molecules
(26, 27), the CD94/NK G2 receptors that recognize HLA-E in human
and Qa-1 in mouse (28—30), and the ILT/LIR receptors that recognize
the a3 domain of classicad class | MHC (31). Compared with
NKG2D, the ligand recognition by the inhibitory receptors is quite
different. First, the ligands of inhibitory receptors display better struc-
tural and sequence conservation than the ligands of NKG2D. At the
sequence level dl classical class | MHC molecules share >80% se-
quence identity within species and ~75% sequence identity between
human and mouse. Even greater sequence homology is shared among
the ligands of individual receptors, such as HLA-Cw alotypes, which
aretheligandsfor KIR2D receptors, sharing >90% sequence identity.
Moreover, the receptor-ligand specificities have been shown to be
controlled by only afew residues at the ligand side. For example, two
amino acids, residues 77 and 80 of the HLA-C heavy chain, are
known to control the ligand specificity among the HLA-Cw alotypes
for KIR2DL 1 and KIR2DL 2 receptors (14). Similarly, each inhibitory
Ly49 receptor isoform, athough often displaying overlapping MHC
allelic specificity, generally recognizes a small number of class |
MHC aldes (32, 33). The well-recognized sequence conservation
among the inhibitory ligands contrasts sharply with the diverse
ligands of NKG2D. This creates an interesting receptor-ligand di-
chotomy. On the one hand, there appear to be too many inhibitory
receptors for a family of well-conserved MHC ligands. On the other
hand, there are too many diverse ligands for just one NKG2D gene.
The question is why the immune system employs multiple, but
specific, inhibitory receptors and yet has only one NKG2D.

Second the ligand binding affinities appear to be different between
the inhibitory receptors and NKG2D. The affinities between severa
known inhibitory receptors and their ligands, including that between
KIR2D receptors and class | HLA-Cw molecules (6, 34), between
Ly49 and their class | MHC ligands, between CD94/NKG2 and
HLA-E (35, 36), and between ILT-2 (LIR-1) and class | HLA mol-
ecules (37), al have been measured by solution binding experiments
to have dissociation congtant K, of ~107°~10"° M. This is some-
what lower than the reported K, of 1076108 M between NKG2D
and itsligands, MICA, H60, and Rael (17, 38, 39). The higher affinity
of NKG2D isaso consistent with the observed larger buried interface
area between NKG2D and its ligands (1900—2200 A2) than between
KIR and HLA-C's(~1600A?) (6, 7, 16, 17). The lower affinity of the
inhibitory receptors suggests that their ligand binding is closer to the
threshold of immune recognition and that they would tolerate less
mutational disruptions than NKG2D. Earlier mutational work, in
which a single charge to aanine mutations in the receptor resulted in
complete loss in ligand recognition, suggested that KIR2DL2/HLA-
Cw3 hinding was sensitive to mutational changes. Our current results
of ULBP3 mutants showed that different mutations resulted in varying
degrees of lossin NKG2D hinding depending on the site of mutation,
suggesting that NKG2D is more tolerant to ligand mutations
than KIR.

Third, the structural mechanism of ligand recognition between
NKG2D and the inhibitory receptors also appears different. While
NKG2D displays significant interface plasticity through induced fit
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recognition, the conformation of inhibitory receptors, as shown in
the comparison between KIR2DL2/HLA-Cw3 and KIR2DL1/
HLA-Cw4 complex structures, remains much the same, indicating
a mostly rigid body recognition used by the inhibitory receptors.
Since al class | HLA structures differ by 0.6—1 A in r.m.s. devi-
ations, much smaller than the structura differences among the
NKG2D ligands, an induced fit binding mechanism would cause
each inhibitory receptor to recognize all class| MHC molecules as
ligands. Likewise, if NKG2D adopted arigid body ligand binding
mechanism, it would not be able to recognize the diverse array of
ligands. The characteristic rigid body ligand recognition is also
consistent with the solution binding data showing very rapid on
and off binding kinetics for KIR binding to HLA-C (34) aswell as
for CD94/NKG2A binding to HLA-E.

The sequence, structural, and mutational data suggest that the
immune system employs different ligand recognition mechanisms
to best achieve its needs. In the case of inhibitory receptors, whose
function isto detect danger through “missing self,” the ligand rec-
ognition is very specific, and each receptor is designed to monitor
only a small number of conserved class | MHC molecules. In
addition, their ligand binding appears to be less tolerant of muta-
tions. The combination of high specificity with low affinity of
binding recognition ensures maximum sensitivity in immune sur-
veillance. An immune system is designed not just to recognize a
global loss of class | expression as aresult of catastrophic events,
but also to recognize the disappearance of a few specific class |
MHC dleles among otherwise abundant overall surface expression
of class| MHC in the event of viral infections. The function of the
activating NKG2D receptor is to detect danger through the appear-
ance of stress- or transformation-induced ligands. The diversity in
NKG2D ligands presumably reflects complex pathogenic condi-
tions. The combination of a plastic interface with high ligand af-
finity in NKG2D-ligand recognition ensures maximum efficiency
in capturing all possible ligands.
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FIGURE 7. Recognition compatibility score. A, Sequences are scored
based on the NKG2D/ULBP3 structural template and are shown asrelative
scores to HLA-E. B, Scores are calculated based on NKG2D/Raelp tem-
plate and are shown as relative scores to MICA.
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Evaluating ligands of NKG2D by a recognition compatibility
score

Predicting ligands of NKG2D becomes a difficult task due to their
lack of sequence and structural conservation. In an attempt to eval-
uate the unique attributes among these ligands, we have devel oped
areceptor-ligand recognition compatibility score that eval uates po-
tential ligands based on their abilitiesto form interface salt bridges,
hydrogen bonds, and hydrophobic interactions, rather than se-
guence conservation. The algorithm calculates the solvent acces-
sibility weighted energetic contribution for each interface residues
in the structure of a receptor-ligand complex, applies the energy
calculation to new sequences to which the structures are not
known, and evaluates the compatibility based on a mutational ma-
trix (http://red.niaid.nih.gov/programs.html). Using this algorithm,
a set of sequences corresponding to both the ligands and nonli-
gands of NKG2D were scored using both NKG2D/ULBP and
NKG2D/Raelp complex structures as templates (Fig. 7). Overall,
the NKG2D ligands scored higher than nonligands. In principle,
this interface compatibility scoring algorithm should also work for
nondiverse ligands in which sequence conservation alone is able to
differentiate between the ligands and nonligands of a receptor. To
test this, a set of classical class | MHC sequences was scored for
their compatibility of being ligands of KIR2DL 2. The results show
that al ligands of KIR2DL 2, including HLA-Cw1, -3, -7, and -8,
have a score of 8.6, which is higher than the score of 5.6 for
ligands of KIR2DL1. Interestingly, while most HLA-B aleles
scored ~3.0, HLA-B46, which is known to bind KIR2DL?2 (40),
scored 8.6, the same as other KIR2DL 2 ligands.
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